Laboratory experiments were carried out to assess the water purification and antimicrobial properties of Moringa oleifera (MO). Hence different concentrations (25 to 300 mg/L) were prepared from a salt (1 M NaCl) extract of MO fine powder and applied to natural surface water whose turbidity levels ranged from 50 to 450 NTU. The parameters determined before and after coagulation were turbidity, pH, colour, hardness, iron, manganese and Escherichia coli. The experiments showed that turbidity removal is influenced by the initial turbidity since the lowest turbidity removal of 83.2% was observed at 50 NTU, whilst the highest of 99.8% was obtained at 450 NTU. Colour removal followed the same trend as the turbidity. The pH exhibited slight variations through the coagulation. The hardness removal was very low (0 to 15%). However, high removals were achieved for iron (90.4% to 100%) and manganese (93.1% to 100%). The highest E. coli removal achieved was 96.0%. Its removal was associated with the turbidity removal. The optimum MO dosages were 150 mg/L (50 NTU and 150 NTU) and 125 mg/L for the rest of the initial turbidity values. Furthermore all the parameters determined satisfied the WHO guidelines for drinking water except for E. coli.
INTRODUCTION
Worldwide, about 1.1 billion people lack access to improved water supply (WWAP 2003) . The situation is more alarming in developing countries. Particularly, in Rwanda, water supply coverage is still low. In 2006 it was estimated that 62% of the Rwandan population living in rural area had access to improved water supply facilities (WHO and UNICEF 2008) . Owing to lack of improved water supply facilities, the water consumption in rural areas is estimated at only 8 litres/person/day. This is far below the national recommendation of 20 litres (UNICEF 2001) .
For many developing countries, the use of locally available materials such as Moringa oleifera (MO) in drinking water treatment has been suggested as a way to tackle the issue of high operational costs associated with conventional water treatment methods (Ghebremichael 2006; Katayon et al. 2007) . In addition to its coagulating properties, MO has proven therapeutic properties (Sutherland et al. 1994; Farooq et al. 2007) .
The MO properties of clarifying turbid water was first reported by ( Jahn 1981 cited in Sajidu et al. 2006 ) after observing women in Sudan use its seeds to clarify the turbid Nile water. From then, MO has been extensively studied in drinking water treatment as a coagulant and a disinfectant (Okuda et al. 1999; Katayon et al. 2004; Farooq et al. 2007 ) both at laboratory and full scale (Sutherland et al. 1994) . Several studies have confirmed that MO can both act as a coagulant and a disinfectant therefore replacing the commonly used aluminium sulphate doi: 10.2166/wst.2009.155 (Abdulsalam et al. 2007; Farooq et al. 2007) . The molecule responsible for coagulation is a positively charged protein having a molecular weight of 13 kDa and an isoelectric point between 10 and 11 (Suarez et al. 2003; Farooq et al. 2007) while Suarez et al. (2003) attributes the antimicrobial effects of the seeds to the compound 4(a-L-rhamnosyloxy)-benzyl isothiocynate. Studies showed that water treatment with MO removes turbidity by up to 92% and 99% (Farooq et al. 2007) . However, most of the existing literature focuses on synthetic water and they rarely treat the issue of drinking criteria in view of the existing guidelines. Therefore, there is still a dearth of literature on the composition and the drinking criteria of water treated with MO in the parameters of major concern in drinking water.
It is against such a background that this study seeks to focus on the water treatment domain. It seeks to explore locally available water treatment alternatives which may be utilised in order to alleviate the problem of lack of drinking water in Rwanda. The issue of affordable water treatment is crucial especially in the developing world where governments have meager resources to satisfy various competing needs. This study investigates the potential use of MO as a primary coagulant and a disinfectant in water treatment. Based on laboratory experiments, it determines the influence of the initial turbidity and MO concentration on the quality of treated water, and assesses the potability of the resulting treated water according to WHO guidelines.
METHODS
The MO matured seed were manually removed from their dry pods and hand shelled. The shelled seeds were then ground in a mortar with a pestle and then sieved through a 0.21 mm sieve. The fine powder obtained after sieving was weighed using an analytical balance (Adam PW254) at a precision of 0.0001 g. It was then dissolved in 1 M NaCl solution. A 3% solution of MO was prepared by soaking 3 g of the powder in 100 mL of 1 M NaCl solution. The mixture was then vigorously shaken for 5 minutes to ensure total coagulant release into solution. After mixing, the suspension rested for 2 hours and was then filtered. The filtrate obtained was used as the coagulant. Table 1 shows the volume of the coagulant solution used (mL) and its corresponding quantity of MO in mg.
The water to be tested was collected during the rainy period of September from two rivers, namely, Kadahokwa and Rwamamba. Both rivers are located in Tumba Sector, Huye district, the Rwandan Southern Province. The justification for choosing these two rivers is to obtain a range of different turbidity values with natural water from rivers that also supply raw water for the Butare town.
Furthermore, the choice of two rivers eliminated the need to perform dilutions with tap/deionised water (in case of high turbid river water) or addition of other component, chalk for instance, in order to get high turbidity (in case of low turbidity river water). Therefore in order to study naturally occurring conditions, even where the dilution was done, less turbid water was used. Table 2 shows different volumes mixed to get the desired turbidity while Table 3 indicates the raw water characteristics.
A fully randomised 5 £ 12 factorial experiment with factor A, the initial turbidity, having 5 levels and factor B, MO concentration, having 12 levels, was carried out. MO concentration varied from 25 mg/L with and increment of 25 mg/L. Therefore 12 different concentrations were applied: 25 mg/L, 50 mg/L, 75 mg/L, 100 mg/L, 125 mg/L, 150 mg/L, 175 mg/L, 200 mg/L, 225 mg/L, 250 mg/L, 275 mg/L and 300 mg/L. The initial turbidity level ranged from 50 NTU to 450 NTU with an increment of 100 NTU.
Therefore five different turbidity levels were tested: 50 NTU, 150 NTU, 250 NTU, 350 NTU and 450 NTU. There were 3 replications for each combination of the two factors.
However, for E. coli the test was carried out on the best flocculated samples and one sample was analysed instead of three. introduced into each of the beakers. The rapid mixing was maintained for two minutes and then the speed was reduced to 15 rpm for 20 minutes after which the flocculator was turned off. The sedimentation process took one hour. After settling the supernatant was carefully drawn from each beaker and analysed. Analyses were carried out on the parameters which mostly occur at high concentrations in river water of Rwanda. These were: turbidity, total hardness, colour, iron, manganese, and E. coli. In addition to these parameters, pH was also analysed to assess the influence of MO on the pH of treated water.
The pH was measured using glass electrodes pH meter whose precision is 0.01 (HACH Sension1). The turbidity was analysed with a direct reading turbidimeter (HACH 2100P) whose precision is 0.01. Total hardness was determined using the volumetric method (Eaton et al. 2005 ) while colour, iron and manganese were analysed with a DR/890 colorimeter following manufacturer guidelines (HACH 1999) . E. coli was analysed using membrane filtration method with m-coliblue24 as a growing medium (HACH 2004) . Data were analysed using SPSS. In all the cases a 5% probability of error was applied.
RESULTS AND DISCUSSION

Results
All the experimental results are summarised in Table 4 (Table 4 ). The removal varied from 0 to 15%. However iron removal ( Figure 4) was very high and it ranged between 90.40 and 100%. It was observed that as the concentration 
Discussion
During the experiments, it was observed that MO is not a good coagulant for raw water with low levels of turbidity.
Studies carried out so far confirm this result. Moreover the range of turbidity removal achieved, 88.06% for 50 NTU to 99.80% for 450 NTU, is similar to that reported in previous studies (Muyibi & Evison 1995a; Katayon et al. 2004) . The optimum dosages were 150 mg/L for 50 NTU and 125 mg/L for the rest of the initial turbidity levels. Contrary to what is reported by Katayon et al. (2004) , this denotes that the optimum dosage decreases as the turbidity level increases.
All the concentrations applied produced water with turbidity falling in the allowable range of WHO (2006) guidelines (5 NTU) when 250 NTU, 350 NTU and 450 NTU raw water is treated. Colour removal exhibited the same trend as the turbidity removal.
On average the pH slightly raised as the concentration of MO increased since the mean pH variation (%) lies below zero in all the treatments. However, the variability around the initial pH value is not very high. Previous researches confirmed that MO doesn't affect the pH of treated water (Ndabigengesere et al. 1995) .
The MO does not have any effect on total hardness removal. The weak hardness removal could be attributed to the pH of the raw water. The Ca 2 þ and Mg 2 þ ions are normally removed from water by precipitation at a pH around 10. Therefore MO alone could not remove the hardness since it doesn't raise the pH to the required value.
This observation is different from the report by Farooq et al. (2007) and Muyibi & Evison (1995b) who affirm that MO has a softening capacity. During all the tests MO seeds extract didn't affect the hardness removal significantly.
Removal varied from 0 to 15%. Hardness removal ineffectiveness has been reported by Abdulsalam et al. (2007) .
The total iron and manganese removal was very high.
The mechanism through which the removal occurs has not been studied during this research. However it could occur via precipitation after oxidation. Therefore MO powder might contain oxidising agents which transform and make iron and manganese precipitate as oxides. During all the tests, the iron and manganese concentration in the treated water was far below the upper limits recommended by WHO which are 3 mg/L for iron and 0.5 for manganese (WHO 2006) . Though there is a dearth of literature on Fe and Mn removal by MO, the investigation of MO as a possible solution to the remediation of metal containing water is being intensively studied. Studies elsewhere concluded that MO is able to remove heavy metals, Cd 2 þ , Zn 2 þ , Cu 2 þ and Cr 3 þ (Sajidu et al. 2006) .
The E. coli removal was positively correlated with the initial turbidity levels. Hence its removal likely occurs via precipitation. A number of researchers confirm this observation (Dishna 2000; Farooq et al. 2007) . During this study, a removal varying from 90.8% (50 NTU) to 96% (450 NTU) was achieved. These values are a bit lower than those obtained by Price (2000) on total coliforms removal (99%).
A study by Dishna (2000) confirms that water treated with MO is potable without any further treatment. However, it was found that a further treatment is necessary in order to avoid any health risk. 
Implication of the study
CONCLUSIONS
This study was aimed at treating turbid water using MO.
Different turbidity values as well as MO concentrations have been tested. The MO powder, after dissolution in 1M
NaCl solution has shown effectiveness as a coagulant and a disinfectant which can be satisfactorily used in drinking water treatment. The resulting water met a number of WHO guidelines for drinking water except for the microbial content. This is a crucial parameter; therefore further treatment is of paramount importance.
The turbidity values obtained for the optimum concentrations are satisfactory that there is no need for filtration.
The MO sufficiently removed iron and manganese which normally occur at high concentrations in fresh water.
Therefore the use of MO as coagulant in drinking water treatment would save a lot of money used to install an aeration unit which aims at removing those elements by oxidation. The mechanism by which those elements are removed during treatment with MO has not been examined in this study. However, it is suspected that there are oxidising agents in MO powder.
The coagulant from MO powder is not efficient in removing the hardness (Ca 2 þ and Mg 2 þ ) from the raw water. The ions responsible for the hardness might not be easily oxidised. Interestingly, MO did not affect the pH of the raw water so much. Therefore there is no need to use the pH adjustment chemicals like lime. This could be beneficial if the raw water has already the pH falling in the recommended range.
